A plastic flow joining method for fixing cold bars with a hot plate, "indentation joining", is proposed, and the optimum conditions of the proposed joining method for AA6061 aluminum bar and plate are examined by experiment and finite element simulation. In the developed plastic flow joining method, the cold bar is indented into the hot plate to pierce the plate without lubrication on a press. It is expected that the newly created surface of the hot plate will cause seizure and a high joining strength may be attained. After cooling of the plate, thermal shrinkage of the plate may assist to clamp the bar strongly. The attained shear bonding stress of the aluminum bar-plate is approximately 40% of the shear strength of the plate material. The bonding mechanism is discussed from the viewpoints of seizure of the plate and clamping force associated with the process. In the case of indentation temperature of 300 °C, about 80% of the bonding strength is due to seizure during indentation of the bar and about 20% of the bonding strength is due to clamping force after cooling of the plate.
Introduction
Many of the automotive parts have difficult shapes to form such as long shafts or axes with a wide plate-shaped body. These parts are joined mainly by means of bolting, welding and plastic joining. Since plastic joining is efficiency joining method, plastic joining is focused in this study. To satisfy the demands for production of such difficult shaped parts, some plastic joining methods have been proposed
(1)(2) . To realize simple and high-strength joining of bar with plate, plastic joining methods such as shave-joining (3) , shear joining (4) and plastic flow joining (5) have been proposed, however these methods necessitate special equipments or take long production time. Thus it is desirable to develop plastic joining methods with higher efficiency that can be realized with the same forming machine used for the forging process.
In this study, a plastic flow joining method for fixing bars with a hot plate, "indentation joining", is proposed in which bars kept at room temperature are directly pushed into a high-temperature plate. The optimum conditions for the proposed joining method are examined with AA6061 wrought aluminum bar and plate by experiment and finite element simulation, and the bonding mechanism is discussed from the viewpoints of seizure of the plate and mechanical clamping associated with the process. Figure 1 shows illustration of "indentation joining", a developed plastic flow joining method for fixing a cold bar with a hot plate. The cold bar is indented into the hot plate to pierce the plate without lubrication on a press and is fixed to the plate after piercing. By making a hole with a diameter smaller than the bar diameter at the center of indentation in the plate preliminarily, indentation load may be reduced, and successful joining condition of the method may be extended. In this method, it is expected that the newly created surface of the hot plate will cause seizure and a high joining strength may be attained. After cooling of the plate, thermal shrinkage of the plate may assist to clamp the bar strongly.
Although welding and fixing by bolts are often employed to join bars and axes with forged parts, the productivities of these processes are low. When the high-temperature plate is assumed a hot-forged part in Fig. 1 , the proposed joining method enables to join bar and hot-forged part in a hot forging line on a press or simple equipment. Some examples of the application of "indentation joining" are illustrated in Fig. 2 ; (a) plural bars indented to one plate, and (b) serial combination of the bars and plates. Due to the simplicity of the process, "indentation joining" has great potential to apply for various industrial parts. A plate of 48 mm in diameter and t P = 8.0 mm in thickness was used, and a hole with a diameter D H = 0, 7.0 mm was made at the center of indentation in the plate. The plate was heated to a temperature T P = 20 -575 °C in a muffle furnace, and then it was transferred to the die. The indentation depth of the bar was greater than the plate thickness by 2.0 mm. The experiments were carried out on a conventional 600 kN mechanical press (Amada Co., Ltd., TP-60) with an initial indentation velocity v I = 300 mm/s and on a 450 kN CNC servo press (Komatsu Industry Corp., H1F45) with initial indentation velocities v I = 25 -200 mm/s. The servo press does not have clutch and flywheel, which are essential elements in the ordinary mechanical presses, and the ram is driven by an AC servomotor through a mechanical link and the ram speed can be changed by CNC control. The some examples of indentation velocity -stroke curve during indentation joining are shown in Fig. 4 . The arbitrary indentation velocity can be adjusted by controlling the motor speed of the servo press. 3. Finite element analysis
Experimental procedures

Simulation conditions
To examine the deformation behaviors of the bar and plate during indentation, the finite element analysis was carried out by employing a commercial finite element method code, ABAQUS. In the simulation, elastic-plastic finite element calculation was carried out, and the plastic deformations of the bar and plate were calculated as 2D axisymmetric model, but the temperature changes of the bar and plate due to heat generation and heat conduction during indentation were not calculated. The dimensions and geometries of the bar and plate used for the simulation were determined as same as the experimental conditions, and the indentation velocity was v I = 300 mm/s. The flow stress curves of bar and plate material (AA6061-T6 aluminum alloy) employed in the simulation are shown in Fig. 5 . The flow stress was measured at various temperatures by the upsettability test (6) . In the upsettability test, a cylindrical specimen is compressed between grooved platens which restrict sliding of the end surfaces, and the flow stress can be obtained from the load-stroke data. The plate temperature was assumed to be T P = 20 -500 °C by using the flow stress curve at each temperature. The coefficient of friction between the bar and plate was assumed to be 0.3 by the result of the ring compression test (7) . Figure 6 shows the calculated results of the indentation depth of the aluminum bar into the aluminum plate with various temperatures. In the cases of the ratio of indentation depth/plate thickness is larger than 1.0, the bar is successfully indented into the plate without plastic deformation of the bar. When the ratio of indentation depth/plate thickness is less than 1.0, the bar is plastically deformed and is fattened so that the bar is not indented into the plate by bottom of the plate. From the simulation results, it is noticed that the bar is successfully indented into the plate in the cases of the plate temperature higher than T P = 300 °C (D H /D B = 0.88), 400 °C (D H /D B = 0), respectively. It is found that the hole preliminary made at the center of indentation in the plate has an effect of extending the plate temperature range for successful indentation. The finite element simulation enables to predict plastic deformation of the bar and plate during indentation, however bonding strength between the bar and plate after indentation cannot be analyzed by the simulation. Thus the bonding strength of bar-plate is examined by experiments in the subsequent sections. 
Simulation results
Experimental results
Indentation pressure
To examine the validity of the simulation results, experiments were carried out on a mechanical press. Figure 7 shows the photographs of the indented bar and plate. In the case of plate temperature T P = 200 °C, the bar is plastically deformed and is not indented into the plate by the bottom of the plate so that the bar is not fixed to the plate. On the other hand, the bar is successfully fixed to the plate at T P = 300 °C, and a slug is ejected from the hot plate. The relation between the plate temperature and the indentation pressure of the bar is plotted in Fig. 8 
Shear bonding stress
To evaluate the bonding strength between the bar and plate, the indented bar was pulled off from the plate (drawing test) at room temperature on a material testing machine with a drawing speed of 0.08 mm/s. The bonding strength is evaluated by maximum drawing load of the indented bar during drawing test, and the shear bonding stress between the indented bar-plate P D is calculated as follows; P D = Maximum drawing load of indented bar/ Interface surface area of bar-plate (2) where the interface surface area of bar-plate is πD B t P . Figure 9 shows relation between the plate temperature and the shear bonding stress of the indented bar. The shear bonding stress of the bar-plate with a hole of the plate is larger than that of the bar-plate without a hole of the plate irrespective of the plate temperature. In the case of D H /D B = 0.88, the maximum shear bonding stress P D = 80 MPa is obtained at T P = 300 °C, and the shear bonding stress decreases at higher plate temperatures. Since the shear strength of the plate material (AA6061-T6 aluminum alloy) is about 205 MPa (8) , the attained shear bonding stress of about P D = 80 MPa is approximately 40% of the shear strength of the plate material. The influence of the plate temperature on the shear droop length of the plate at the indentation corner is shown in Fig. 10 . Except for the indentation of the plate without a hole of the plate at T P = 300 °C, the shear droop length of the plate increases with the indentation temperature because the plate is softened. In the case of the plate without a hole of the plate at T P = 300 °C, the end of the bar is fattened during indentation so that the shear droop length of the plate is expected to increase greatly due to the fattened bar. Figure 11 shows the cross-sectional views of the interface of indented bar-plate at T P = 300 -500 °C. Heavy shear zone of the plate is observed around the interface at T P = 300 °C, while the shear zone is not observed at T P = 500 °C due to softening of the plate. It is expected that the shear zone has an effect of improving the clamp force of the bar. As the results, the maximum bonding strength is obtained at T P = 300 °C (in Fig. 9 ). 
Influence of indentation speed
To examine the influences of the indentation velocity on the indentation pressure and the bonding strength of the bar-plate, indentation joining is carried out on the CNC servo press with some indentation velocities at T P = 300 °C. Figure 12 shows the indentation pressure and the shear bonding stress of the indented bar in the experiments. The indentation pressure decreases considerably with increasing the indentation velocity, while the shear bonding stress slightly increases with the indentation velocity. Thus it is found that the indentation at high velocity is effective to reduce indentation pressure and improve bonding strength. 
Discussion on bonding mechanism
The bonding strength of the bar-plate is considered to be caused by seizure (metallurgical welding) and clamping of the plate. To clarify the bonding mechanism, the drawing tests of the indented bar from the plate with slits shown in Fig. 13 were carried out by releasing the clamping force. This means that the attained shear bonding stress of the indented bar into the plate with the slits is caused by only seizure. The slits of the plate were made by a cutter after indentation joining. Figure 14 shows the shear bonding stress of the indented bar into the plate with/without the slits. It is found that the shear bonding stress with the slits increases with the plate temperature, and is almost same as that without the slits at T P = 500 °C. The clamping force does not occur at T P = 500 °C and the bar is joined with the plate only by seizure. On the other hand, the shear bonding stress with slits is about 20% lower than that without slits at T P = 300 °C. This means that about 80% of the bonding strength of the bar-plate is due to seizure between the bar and the plate, while about 20% of the bonding strength is due to clamping force after cooling of the plate. Slit 
Conclusions
A plastic flow joining method, "indentation joining", for fixing bars with a plate was proposed with AA6061-T6 aluminum bar and plate by finite element simulation and experiment. The following results were obtained. 1) When the indentation pressure was lower than the proof stress of the bar material, the bar was successfully indented into the plate without plastic deformation. In the case of combination of AA6061-T6 aluminum bar and plate of ratio of bar diameter/plate thickness of 1.0, successful joining was possible to be carried out at the plate temperatures above 300 °C. 2) The bonding strength was increased by providing a hole in the plate and by increasing the indenting velocity. The attained bonding strength (80 MPa) was approximately 40% of the shear strength of the plate. 3) In the case of indentation temperature of 300 °C, about 80% of the bonding strength was due to seizure during indentation of the bar and about 20% of the bonding strength was due to clamping force after cooling of the plate. 4) In the case of indentation temperature of 500 °C, the clamping force was not caused and the bar was joined with the plate only by seizure during indentation of the bar.
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